An important goal of marine biogeochemists is to quantify the rates at which elements cycle through the ocean's diverse microbial assemblage, as well as to determine how these rates vary in time and space. The traditional view that phytoplankton are producers and bacteria are consumers has been found to be overly simplistic, and environmental metagenomics is discovering new and important microbial metabolisms at an accelerating rate. Many nutritional strategies previously attributed to one microorganism or functional group are also or instead carried out by other groups. To tease apart which organism is doing what will require new analytical approaches. Flow cytometry, when combined with other techniques, has great potential for expanding our understanding of microbial interactions because groups can be distinguished optically, sorted, and then collected for subsequent analyses. Herein, we review the advances in our understanding of marine biogeochemistry that have arisen from the use of flow cytometry.
INTRODUCTION
The first use of flow cytometry to study marine microbes-titled simply "Analysis of phytoplankton by flow cytometry"-was by Trask et al. (1982) and was quickly followed by several cornerstone publications (Olson et al. 1983 , Yentsch et al. 1983 . Over the past three decades the field has blossomed. Flow cytometers work on the principle of laser excitation of a single particle with a specific wavelength of light, and subsequent quantification of light scattered by and fluoresced from that particle. These basic light signals are then used to investigate particle characteristics and define sample sorting routines. For a more detailed description of the strengths and limitations of flow cytometry, which are beyond the scope of this review, the reader should examine the comprehensive text by Shapiro (2003) .
Initial studies in the marine field used flow cytometry as a tool to quantify the abundance of small autotrophic and heterotrophic cells that previously were quantified by laborious manual microscopy methods (e.g., del Giorgio et al. 1996 , Olson et al. 1993 . Improvements in both speed and function (e.g., sorting) rapidly diversified the use of flow cytometry as a tool in marine microbial ecology. A key advantage of analyzing samples by flow cytometry is the ability to sort target cells for subsequent analysis, such as determination of radiotracer incorporation (Lebaron et al. 2002) , cellular activity (Zubkov et al. 2001) , nucleic acid content (Lebaron et al. 2001) , and total protein content (Zubkov et al. 1999) . As a result, flow cytometers, both analyzers and sorters, have become a common fixture in marine institutions and university departments. It has been a decade since several extensive reviews on the application of flow cytometry to marine sciences were published (Collier 2000 , Legendre et al. 2001 , Veldhuis & Kraay 2000 . These reviews did an excellent job of discussing immunolabeling applications, but our knowledge has grown significantly over the past decade, particularly in the areas of physiological probes and taxon-specific biogeochemistry. Rather than focus on the literature that cites flow cytometry as a means to enumerate marine microbes or the work covered by previous reviews, we focus specifically on those studies that have used flow cytometry to investigate biogeochemical rates and processes in the ocean. These studies have become increasingly common in the literature (Figure 1 ) and have altered our view of the Noncumulative plot of publications per year presenting data on marine microbial physiological rates and biogeochemical processes that were generated by the use of flow cytometry. Citation numbers are current through the end of 2009 as referenced by an ISI Web of Science abstract search.
Heterotrophic bacteria. Due to a lack of pigments and small size, estimation of heterotrophic bacterial carbon is more complicated than for autotrophs. Methods are available, such as biovolume/carbon conversions (Bratbak 1985) and X-ray microanalysis (Gundersen et al. 2002 , Heldal et al. 1985 , but both are laborious, and for the latter it is very difficult to get absolute quantification. New flow cytometry methods have improved both accuracy and speed of fluorescencebased estimates, but the method is compromised when populations of unknown bacterial species or complex natural bacterioplankton communities are analyzed (Robertson et al. 1998) . The use of specific stains has shown promise in quantifying biomass of mixed populations of cells. For example, the SYPRO family of stains, developed in the mid-nineties to stain protein gels, has been shown to stain proteins in intact cells. In culture and in natural populations, the average cellular fluorescent intensity of SYPRO-stained cells has been shown to correlate very well with the average cellular protein content (Zubkov et al. 1999) . As a result, with proper calibration, cellular protein content can be rapidly quantified by flow cytometry and changes in population-specific carbon biomass calculated using appropriate carbon:protein conversions. This is a very sensitive and rapid technique that makes it suitable for larger oceanographic sampling programs, though we still lack a comparable technique for autotrophs.
Growth Rates and Metabolic Activity
The wide range of fluorogenic assays (Table 1) developed primarily for the biomedical field has been a boon to marine microbial ecologists, resulting in the ability to investigate rates of physiological processes and answer questions like, Are all microbes active? and Are they all equally active?
Autotrophs. Quantifying autotrophic metabolism (i.e., growth rate) in the ocean is a longstanding goal in oceanography that is intimately coupled to biomass as the product of the two yields rates of primary production. Following the changes in cell number of natural populations to estimate growth rate is an elegantly simple idea; however, it is compromised by difficulties in conducting a truly Lagrangian study (where a discrete parcel of water is sampled through time), as well as by small-scale patchiness and time-variable loss processes. A variety of physiological methods based on flow cytometry have been used sporadically (see Li 1993 for review), including cell cycle analysis (e.g., Mann & Chisholm 2000) , turnover of intracellular lipids (e.g., Yentsch & Campbell 1991) , cellular esterase activity (e.g., Dorsey et al. 1989) , and photosynthetic electron turnover (e.g., Olson & Zettler 1995) . Cell cycle analysis and lipid turnover techniques require sampling periods of at least one division cycle (minimum of ∼24 h), but both methods directly measure cell division, which is, by definition, growth rate. The esterase activity and photosynthetic electron turnover assays require much shorter sampling durations but measure processes preceding cell division. Both have been shown to correlate well with measured growth rates determined by changes in cell number in culture. All of these techniques can provide growth rates of specific autotrophic taxa using inherent properties (e.g., size and chlorophyll content). However, there has been very little work in quantifying autotrophic growth rates using methods linked to flow cytometry since Li's review in 1993, thus these methods have not been readily incorporated into routine procedures. The sensitivity of flow-cytometric analysis is critical for the successful application of these methods to many of the ocean gyre domains that are dominated by small cells (<2 µm) and where use of microscopy techniques is too time-consuming or inappropriate.
Heterotrophic bacteria. In stark contrast to the autotrophs, a voluminous body of literature exists on population-specific heterotrophic metabolism. Microautoradiography has been used for decades to determine metabolic activity and the incorporation of specific substrates by individual cells using radiolabeled substrates (e.g., Brock 1967) . While microautoradiography is very labor intensive, flow cytometry offers a number of time-saving alternative techniques (reviewed in Pernthaler & Amann 2005) . For example, marine bacteria that are actively respiring are capable of reducing the tetrazolium salt CTC, producing a brightly fluorescing formazan that can be detected with a flow cytometer (del Giorgio et al. 1997) . Subsequent work demonstrated that this approach lacked sensitivity and was most useful for determining which cells were most active among the growing cells (Sherr et al. 1999 ). An alternative to CTC is bromodeoxyuridine (BrdU), which is a nonradioactive analog of thymidine that bacteria and eukaryotes incorporate into DNA (Urbach et al. 1999) . BrdU has also been combined with CARD-FISH (catalyzed reporter deposition-fluorescence in situ hybridization). FISH uses oligonucleotide or polynucleotide probes that target rRNA to allow one to identify and count the different bacterial taxa in environmental samples (Amann et al. 1990) , and CARD-FISH is a much more sensitive technique that can be used to quantify water column bacteria, even if they have low ribosome content or are not growing rapidly (Sekar et al. 2004 ). The higher sensitivity of CARD-FISH also makes the approach more amendable to flow cytometry, and although this is common in the medical literature, there are no references that we can find that have combined BrdU with flow cytometry in the marine literature-clearly an open avenue of research. Nucleic acid double staining (NADS) (Figure 2 ) is one approach to differentiating active, live cells from inactive, dead cells. The technique is based on the assumption that for a given cell to be active, it must have an intact membrane capable of maintaining an electrochemical gradient. Double staining protocols combine a probe that targets nucleic acids and is permeable to the membrane (e.g., SYTO family of stains) with a second probe that is impermeable to an intact membrane (e.g., propidium iodide). When both probes stain the nucleic acids, the second probe, if it can enter the cell, will quench the first. If no quenching is observed, the membrane is intact and the cell is defined as alive. If the first probe is partially or fully quenched, then the cell is defined as damaged or dead, respectively (Barbesti et al. 2000) . This approach has been used successfully in both marine and freshwater environments (e.g., Gregori et al. 2001 ) and has been optimized by Falcioni et al. (2008) . The ability to rapidly distinguish between active and compromised or dead cells is a valuable tool to study the effect of environmental variables, such as the effect of light, on bacterial viability (e.g., Alonso-Sáez et al. 2006) .
Interestingly, the use of these nucleic acid stains has led to a controversial observation. In marine systems, two populations of heterotrophic bacteria are often found, as delineated by their nucleic acid content: high (HNA) and low (LNA). Several studies have used physiological probes and radioisotopic tracers to determine the activity and viability of these two different heterotrophic populations. Early studies attributed much of the substrate uptake to HNA cells (Lebaron et al. 2001 , Servais et al. 2003 , which is consistent with the observation that upon addition of nutrients it is the HNA cells that respond (reviewed by Bouvier et al. 2007) . Recent evidence suggests, however, that the specific growth rate of LNA cells may in fact equal or even exceed that of the HNA cells due to reductions in protein per cell that allow for similar growth rates under suboptimal conditions (Longnecker et al. 2005 , Mary et al. 2006 , Scharek & Latasa 2007 , Zubkov et al. 2001 .
Viruses. With more sensitive photomultiplier tube detectors and better optics, flow cytometers are increasingly used to measure the abundance of viruses in natural systems (e.g., Marie et al. 1999) . A detailed analysis of various protocols used to enumerate double-stranded DNA viruses with flow cytometry was undertaken by Brussaard (2004a) , although Tomaru & Nagasaki (2007) found that flow-cytometric counting approaches may underestimate the abundance of small DNA or RNA viruses. Viruses are important agents influencing the composition of phytoplankton and bacterial communities, and viral infection is a key pathway that affects the transfer of energy and organic matter within the microbial loop (Suttle 2005 , Wommack & Colwell 2000 . Flow-cytometric analysis has been a boon for studies of viral infection in a range of habitats (see Brussaard 2004b for review). Viral infection, more accurately the loss of physiological activity upon viral infection, has been studied in Phaeocystis pouchetii and Micromonas pusilla using a membrane-impermeant nucleic acid dye (SYTOX green) to detect dead cells and a membrane-permeant dye (calcein AM, which, prior to fluorescent detection, must be hydrolyzed by intracellular esterases (and therefore active cells) into a green fluorescent form ). This staining protocol is similar to the NADS staining protocol in that it is an assay done on live cells, but it differs from the other protocols in that the Calcein-AM must be hydrolyzed intracellularly to be fluorescent. So unlike the NADS procedures, succesful application of this procedure is dependent upon intracellular enzyme activity, not assumptions about membrane potential and integrity. Flow cytometry has also been used to study viral lysis in toxic dinoflagellates (Mizumoto et al. 2008 ) and heterotrophic flagellates (Massana et al. 2007 ) using similar protocols. One potential application of flow cytometry that has not been fully exploited is the study of viral-mediated particle aggregation/disaggregation and its role in carbon export (e.g., Jorio et al. 2006) . Malits & Weinbauer (2009) observed that the formation of aggregates, which commonly happens in the marine environment due to physical turbulence, was reduced in a phytoplankton bloom that had been infected by viruses. Presumably this was due to some change (in either quantity or quality) in the production of saccharides-the glue that holds aggregates of autotrophs together-such that the aggregates did not form. Flow cytometry can be employed to follow viral dynamics, as part of studies focused on the biological sequestration and export of carbon to the ocean interior.
With the development of techniques for flow-cytometric viral enumeration, in addition to those used for autotrophs and heterotrophs, it is now possible to track changes in abundance of several members of the microbial food web through time (Larsen et al. 2001) , along a salinity gradient (Schapira et al. 2009 ), and in a wide range of environments (e.g., Corzo et al. 2005) . The possibilities for studies of community composition change seasonally, between systems, and in response to variation in environmental variables are enormous.
Nutrient Acquisition and Stress Responses
Although it is important to quantify rates of growth and total metabolic activity in marine microbes, it is equally important to quantify processes controlling the observed growth and metabolic rates. Ultimately, it is this control information that is fed into ocean ecosystem models to determine which microbial groups and how many are present in the model output. Here we review a number of approaches that have been used to study nutrient acquisition and stress with respect to nitrogen, phosphorus, and iron.
Nitrogen. Jochem et al. (2000) were the first to develop an immunolabeling protocol to detect nitrate reductase in the diatom Skeletonema costatum. Fluorescence intensity from the labeled anti-nitrate reductase antibody was found to be linearly related to nitrate reductase protein concentration (as quantified by Western blot) but displayed much better quantitative resolution at the low protein concentrations due to both the higher sensitivity of the fluorescence assay and the extreme sensitivity of flow cytometry. This immunolabeling assay, made successful by the combination of the speed and sensitivity of flow cytometry, led to some interesting findings. For example, Jochem et al. (2000) demonstrated that when diatoms were grown in the presence of ammonia, nitrate reductase synthesis was repressed. This assay combined with flow cytometry was sensitive enough to show early stages of derepression of nitrate reductase synthesis following the addition of nitrate (in simulated upwelling experiments). Surprisingly, this technique, or derivatives thereof, has not been used to resolve outstanding questions of taxonomic variability in ammonium suppression of nitrate uptake (e.g., Dortch 1990) .
Orcutt et al. (2008) used a similar protocol but with a novel fluorochrome. One of the primary problems with organic fluorochromes is the wide emission peak that limits the ability to label single cells with multiple fluorochromes. Orcutt et al. (2008) successfully conjugated the nitrate reductase antibody to quantum dots. Quantum dots are semiconducting nanocrystals, generally composed of a CdSe/ZnS (core/shell) crystal, that form stable aqueous suspensions and are biocompatible (Medintz et al. 2005) . The most important characteristic of quantum dots is that they have very narrow emission spectra, allowing the possibility of labeling single cells with more than one fluorochrome simultaneously. However, there are some drawbacks to combining quantum dots with flow cytometry, in particular, the relatively slow radiative decay rate for quantum dots relative to organic fluorochromes (Alivisatos 2004) , but this can be partially compensated for by reducing the flow stream rate and allowing particles to stay in the laser longer. The second drawback relates to labeling cell surface versus internal targets, a drawback for all methods of fluorescent detection, not just flow cytometry. Although theirs was only a method development study, Orcutt et al. (2008) showed the feasibility of using quantum dots as a fluorochrome in marine phytoplankton research.
Phosphorus. It is generally accepted that increases in alkaline phosphatase activity are indicative of inorganic phosphorus stress. There is a convenient fluorescent bioassay called enzyme linked fluorescence (ELF-97) for alkaline phosphatase activity that is based on the cleavage of a phosphate moiety from a soluble nonfluorescent substrate resulting in an insoluble fluorescent product (Telford et al. 2001) . Because the product is insoluble, initial work with this assay in marine microbes focused on the determination of the presence or absence of alkaline phosphatase activity, as well as the intracellular location of the enzyme activity (e.g., Dyhrman & Palenik 1999 , Gonzales-Gil et al. 1998 (Figure 3) . Gonzales-Gil et al. (1998) were the first to combine flow cytometry with the ELF-97 assay in a study of phosphorus limitation in marine dinoflagellates, under the assumption that phosphorus limitation resulted in induction of alkaline phosphatase. They found that not all dinoflagellates induce ELF-detectable activity and that for those species that do, levels of induction are not the same despite similar stress conditions. It was suggested that if fluorescence intensity of the hydrolyzed product were normalized to some proxy for cell size (e.g., forward light scatter), which is also determined on each particle, then a semiquantitative index of alkaline phosphatase activity could be generated to compare across taxonomic groups. Nedoma and colleagues (Nedoma et al. 2003) have used this assay and flow cytometry in a time course to quantify the rate of hydrolysis for individual populations (Figure 3 ). Moreover, with the sensitivity of flow cytometry, these analyses have been expanded to marine bacteria (e.g., Duhamel et al. 2008) . Although the general method may have limited ability to definitively assess phosphorus limitation, due to constitutive versus inducible expression, acid versus alkaline phosphatases, and other vagaries of cell physiology, it will have significant value in quantitatively comparing potential rates of organic phosphorus utilization between different marine microbial populations. In addition, if carefully conducted, investigators should be able to compare the same population of microbes between regions and begin to build a more detailed description of how microbial physiology responds to changes in phosphorus biogeochemistry. Iron. Similar to the flow cytometer-based nitrate reductase immunolabeling protocol above, Rivers and colleagues (Rivers et al. 2009 ) developed an antibody protocol to the iron-stress gene IdiA in the marine cyanobacterium Synechococcus. Culture and field testing showed that this antibody successfully detected differences in expression level with depth between two ecotypes despite similarities in ambient iron concentrations. This observation has had a profound affect on the field of microbial ecology. Nearly five decades ago, subtle differences in phytoplankton physiology were hypothesized as an explanation for the Paradox of the Plankton (briefly, how such a diversity of phytoplankton could be supported in a nearly constant physical and chemical environment; Hutchinson 1961) . The advent of molecular oceanography only exacerbated the conundrum by pointing out that within species of phytoplankton (as would have been defined by Hutchinson) there can be many ecotypes. Here the speed of the flow-cytometric analysis allowed for quantitation of Synechococcus ecotypes that were a very low fraction of the total population. An initial limitation of this protocol was the use of the fluorochrome fluorescein, which requires that cells first be bleached to reduce autofluorescence and improve detection. However, with a selective choice of fluorochromes, or perhaps conjugation to quantum dots, this problem can be overcome.
Another means of assessing iron limitation is through the use of microbial bioreporter strains. Two iron bioreporter strains have been developed for the marine environment, one bacterial, Pseudomonas putida FeLux (Mioni et al. 2005) , and one cyanobacterial (Boyanapalli et al. 2007 ). These strains increase cellular luminescence in response to iron limitation and to date have been quantified using a luminometer. However, recent advances in time-gated luminescence flow cytometry ( Jin et al. 2007) suggest it may be possible to combine the speed and cell-specific capabilities of flow cytometry with these bioreporters to further enhance the applicability of these important tools.
MARINE BIOGEOCHEMICAL CYCLES AND RATE PROCESSES
As marine biogeochemical models become more complicated, by including multiple plankton groups, and migrate away from static elemental stoichiometry (i.e., the Redfield ratio; Flynn 2010), it is becoming increasingly important to generate data at the functional group level. This is, in our opinion, where flow cytometry and cell sorting shine and provide a clear path forward to continued advancements in the future.
Bacterivory
Bacterivory is a process that is often excluded from marine ecosystem models despite the suggestion that upwards of ∼25% of bacterial standing stock can be grazed daily (Sherr et al. 2002) and therefore is a significant flux in the biogeochemical cycling of carbon. Early studies quantifying bacterivory used bacterial cells labeled with fluorescent markers [e.g., fluorescein isothiocyanate (FITC); Keller et al. 1994 ] to follow the incorporation of bacterial prey into autotrophic grazers, which were themselves discriminated by their own chlorophyll fluorescence. These early studies observed both preferential grazing based on prey morphology and increased grazing under light and nutrient limitation, suggesting an inducible mixotrophic nutritional mode . Advances in molecular biology and fluorescent proteins have allowed the genetic modification of bacterial prey lineages, which circumvents potential alteration of prey characteristics such as viability and behavior or cell surface characteristics upon staining (Fu et al. 2003 ) that in the past may have negatively impacted rates of bacterivory.
Zubkov and colleagues have pioneered a new flow cytometer-based technique using radioisotope labeling to quantify bacterivory (e.g., Zubkov & Tarran 2008 a pulse/chase format that follows the accumulation of a radioisotopic tracer in the predator. This protocol requires flow-cytometric sorting of both prey and predator to determine activity per cell, and if total cell numbers are also determined, then a mass balance of isotope can be generated and ultimately the metabolic assimilation efficiency calculated, another valuable parameter for ecosystem models. Using this method, Zubkov & Tarran (2008) showed that in the oligotrophic temperate and tropical North Atlantic small (<5 µm) nanoautotrophs are responsible for 40-95% of total bacterivory, in contrast to earlier work that suggesting >80% of total bacterivory was conducted by nanoheterotrophs . These data support prior research of high bacterivory under low nutrient conditions ) but questions the current view of who eats whom and how this process should be included in ecosystem models. Following along the lines of organic nutritional modes, First & Hollibaugh (2009) showed that ciliates in natural populations can feed on dissolved organic matter (DOM). Using a FITC-labeled dextran compound, where cellular uptake was quantified by flow cytometry, they demonstrated a saturating feeding curve. They further found that degradation of the dextran consumed more energy than was gained, thereby reducing ciliate growth rates. This novel application of a flow cytometer-based technique holds promise for studying mixotrophy in autotrophic microbes and reconciling the growth advantages (or disadvantages) of DOM uptake that have been hypothesized to translate into competitive dominance (e.g., some harmful algal bloom species).
Elemental Cycles
The last decade has seen an increase in the application of the general methods first proposed by Li (1994) and Rivkin et al. (1986) to use radioisotopic tracers and flow cytometry to generate information on the rates at which discrete phytoplankton populations are assimilating nutrients. While the data set is still relatively small (Table 2) , there is enough information to begin to make some generalizations.
Carbon. Given the importance of carbon as the "currency" in oceanography, there are surprisingly few studies that directly measure cell-specific or population-specific carbon uptake by open ocean phytoplankton, relative to other biogenic elements ( Table 2) . We are aware of only three data sets, the original one by Li (1994) , a recent study by Jardillier et al. (2010) , and another, unpublished data set of the primary author of this article that attempts to quantify population-specific primary production of the pico-and nanoplankton that numerically dominate in the open ocean ( Table 2) . Four autotrophic populations, Prochlorococcus, Synechococcus, small and large eukaryotes, from the low-nutrient central ocean gyres that were sorted using flow cytometry, accounted for the overwhelming majority of the whole community (nonsorted) primary production. As expected, primary productivity rates scale with size, but population contributions to whole community primary production vary by place and group depending on the relative abundance of cells. At two of the three stations sampled, large eukaryotes, despite being approximately two orders of magnitude less abundant, accounted for >50% of measured carbon fixation (Li 1994) . The more extensive (20 total stations) study by Jardillier et al. (2010) in the same general ocean region suggests that Prochlorococcus and the small eukaryotes contribute equally to carbon fixation ( Table 2) . Information of this type is critical to understanding differences between numerical dominance and biomass dominance; whereas Prochlorococcus almost always numerically dominates the autotrophic microbial population throughout the subtropics, its contribution to biomass is much more modest.
In higher-productivity coastal and upwelling regions as well as the open ocean, larger, and numerically rare, phytoplankton are very important and may be missed due to the generally small volume of sample sorted (volume analysis rates are generally lower than 1 mL min −1 ). To overcome the problem, large incubation volumes should be concentrated to increase particle events to match the speed of modern electronics and therefore capture the contribution of these larger cells. Work by the authors' laboratories and others (e.g., Zubkov et al. 2007) suggests that this processing step does not introduce any bias in population structure or genetic ecotypes. This step is particularly critical when using stable isotopes that require significant sample mass, and therefore sample concentration is absolutely necessary to keep sort times reasonable. In addition, as not all research programs have a flow cytometer at sea, sample fixation and storage must be taken into account (Silver & Davoll 1978) . The issue of fixation is an important one, and most investigators have a preferred method with no community-wide concensus. Both glutaraldehye and formaldehyde have proved effective, when samples are subsequently stored at −80
• C or in liquid nitrogen until analysis. Although the later perhaps leads to lower cell loss, the former is preferred when conducting cell cycle analyses. New users should make decisions about protocol based upon which specific analyses they plan on conducting.
Recently, the basic 14 C-flow cytometry technique has been used to study carbon chemoautotrophy in the Black Sea ( Jost et al. 2008) . Below the oxycline, multiple bacterial populations were identified, each with a different side scatter signature, which is often used as a proxy for internal cellular complexity (i.e., organelles, vesicles, etc.). Not all bacteria took up CO 2 the same way, however. The high right angle scatter populations (i.e., the larger cells) had higher uptake rates and contributed 65-100% of the total uptake. The measured cell-specific uptake rates suggest high growth rates, although the identity of the organisms remains unknown.
Nitrogen. The first study to use the stable nitrogen isotopic tracer 15 N with flow-cytometric sorting was Lipschultz (1995) . Whereas this study sorted size ranges of particles rather than populations per se, it provided the first convincing evidence to support the long-standing dogma that nanoplankton preferentially assimilate ammonium and that microplankton preferentially assimilate nitrate. Using this flow cytometer-stable isotope protocol (Figure 2) , Casey et al. (2007) followed this study with the first cell-and population-specific estimates of nitrogen uptake by natural populations of Prochlorococcus. In Casey et al. (2007) , reduced nitrogen uptake accounted for ∼85-90% of the total measured nitrogen uptake (nitrate, nitrite, ammonium, and urea), with urea uptake being the single largest contributor. The most interesting finding of this study, however, was that some fraction of the natural population assimilated nitrate. This conclusion was surprising because at that point no cultured strains had been shown to grow on nitrate. This observation has since been confirmed by genomic research identifying the genomic islands containing nitrate transporters and nitrate reductase in Prochlorococcus (Martiny et al. 2009 ). Given the significant contribution of Prochlorococcus to primary production and autotrophic biomass in the ocean (Partensky et al. 1999) , even if only 10% of nitrogen nutrition is due to nitrate, this equates to a substantial increase in nitrate assimilation and the autotrophic groups that are responsible. Nitrate uptake by picoeukaryotes showed that they had a higher uptake rate, relative to carbon, than did the cyanobacteria, suggesting that in the open ocean small eukaryotes may prefer nitrate, a finding recently confirmed by natural abundance stable isotope analysis of flow cytometrically sorted autotrophic populations (Fawcett et al. 2010) .
The ability to sort distinct microbial populations also allows us to study long-standing questions of organic and inorganic nutrient cycling. It has generally been assumed that autotrophic phytoplankton consume predominantly inorganic nutrients, whereas heterotrophic bacteria consume predominantly organic nutrients. Work in the eutrophic Chesapeake Bay (Figure 4) shows that this generalization is reasonably accurate, with phytoplankton accounting for >90% of measured ammonium and nitrate uptake by the whole microbial community (Figure 4a,b) . In contrast to long-held beliefs that phytoplankton cannot compete with bacteria for small organic molecules Map of Chesapeake Bay showing the location of six sites where absolute uptake rates of (a) ammonium, (b) nitrate, (c) urea, or (d ) an amino acid mixture were measured into the GF/F fraction (nominal pore size 0.7 µm; blue bars) and flow-cytometrically sorted phytoplankton fraction (orange bars). Asterisks denote significant differences between fractions, as determined using student's t tests ( * p < 0.1, * * p < 0.05, * * * p < 0.01, * * * * p < 0.001). Adapted with permission from Bradley et al. 2010b. like amino acids, phytoplankton accounted for ∼50% of amino acid uptake by the whole microbial community across a wide range of nutrient concentrations and ratios. If this is found to be the case in other systems, including the open ocean, then nutrient biogeochemical models will have to be substantially revamped. Radioisotopic tracers are more sensitive than stable isotopic tracers; however, due to the lack of a practical nitrogen radioisotope tracer (half-life of 13 N is 10 minutes), a large amount of work has been done using tritiated ( 3 H) or sulfur ( 35 S)-labeled amino acids to study the contribution of small, dissolved organic nitrogen (DON)-containing compounds to nitrogen metabolism. Both marine cyanobacterial groups, Prochlorococcus and Synechococcus, from the Atlantic Ocean and Arabian Sea, have been shown to assimilate methionine (Zubkov et al. 2003 , Zubkov & Tarran 2005 , and data suggest that Prochlorococcus can effectively compete with the average heterotrophic bacteria for methionine in the ocean in its optimal growth range. Use of a tritiated amino acid mix suggests a different conclusion, with heterotrophic bacteria being the more important DON consumer in the same geographic range. Interestingly, maximal cell-specific uptake rates are found at the northern/southern extremes of Prochlorococcus extent (e.g., Zubkov & Tarran 2005) . So although Prochlorococcus becomes a better competitor for amino acids as it nears the geographic limits of its extent, the lower cell abundances result in an overall lower contribution to DON cycling. These observations are confounded by different sampling locations, substrates, and isotopic tracers quantified to represent amino acid uptake but clearly show that microbial cycling of DON is more complicated than originally envisioned.
Another possible explanation for the observed differences is that light was shown to stimulate the uptake of amino acids and leucine to a greater degree in Prochlorococcus than in heterotrophic bacteria (Michelou et al. 2007) , perhaps because only the LNA bacteria show light stimulation (Mary et al. 2008 (discussed above), and the relatively higher abundance of LNA bacteria, raises significant uncertainties about multiplying an average cell-specific uptake rate by the total bacterial abundance.
Phosphorus. Despite recent reports that the subtropical North Atlantic and Pacific gyres are phosphorus limited, only a limited number of studies have combined 33 P and flow cytometry to investigate rates of phosphorus uptake. All of these have been in the North Atlantic and none included concurrent nitrogen uptake rates. At the population level, heterotrophic bacteria dominate inorganic phosphate uptake in both the western (Michelou 2009 ) and eastern North Atlantic (Zubkov et al. 2007 ). This is due entirely to higher cell abundances as cell-specific uptake rates were similar across the gyre for the same populations (Casey et al. 2009 , Zubkov et al. 2007 ). In contrast to phosphate uptake, uptake of dissolved organic phosphorus (DOP; using ATP as a model molecule) was much higher in the western North Atlantic and often equivalent in magnitude to phosphate uptake; whereas, in the eastern North Atlantic, DOP uptake never exceeded 17% of phosphate uptake. This was primarily due to the strong physiological preference for DOP in Synechococcus and eukaryotic phytoplankton, relative to heterotrophic bacteria (Michelou 2009 ). Despite total phosphorus consumption being higher in the eastern North Atlantic, due to higher cell numbers, similar rates of primary production in the west suggest gradients in C:P uptake ratios that differ between autotrophic groups (Casey et al. 2009 , Zubkov et al. 2007 ). This hypothesis cannot be evaluated at present due to the lack of taxon-specific carbon uptake data, but it has important implications for global biogeochemical models that allow for variable elemental stoichiometry in microbial groups.
Silica. Whereas, to date, no studies have been published that explicitly use flow cytometry to explore the marine silica cycle, it is possible to use this method given that both stable and radioisotopes of silica have been used in oceanography, though there are limitations in the sensitivity of the stable isotope and the supply of the radioisotope. In addition to these techniques, there is another fluorescent assay that has been shown to reflect silica deposition. Shimizu et al. (2001) and Leblanc & Hutchins (2005) show that the fluorescent dye [2-(4-pyridyl)-5{[4-dimethylaminoethyl-aminocarbamoyl)-methoxy]phenyl}oxazole] (PDMPO) may be a suitable, nontoxic tracer of internal silicic acid concentrations and rates of silica uptake and deposition. The dye has different emission peaks in the presence/absence of silica, and this ratio has been shown to scale with internal silica concentration (Shimizu et al. 2001) . In live cells, newly deposited silica yields yellow-green fluorescence that is related to biogenic silica deposition. When small, non-chain-forming diatoms like Minidiscus spp. (common in the Sargasso Sea) are present, flow cytometry can be used and speed up sample analysis over manual microsopic methods. Moreover, use of the flow cytometer can provide estimates of cell carbon and thus generate more information on the biogeochemical coupling of carbon and silica in this important autotrophic group.
Sulfur. Organic sulfur cycling has received a great deal of attention due to its role as a climateactive gas. Hydrolysis of dimethylsulfoniopropionate (DMSP) to dimethyl sulfide (DMS) by the microbial food web and its oxidation to sulfate once in the atmosphere feed cloud condensation nuclei, which increases cloud albedo and ultimately reduces solar irradiance at the earth's surface, providing a negative climate feedback (Charlson et al. 1987) . Heterotrophic bacteria are thought to be the primary consumers of DMSP (Kiene et al. 2000 , Zubkov et al. 2002 , although there is one record of assimilation of DMSP by the cyanobacterium Synechococcus (Malmstrom et al. 2005) . Using the same basic flow cytometry-radioisotope technique described above (and in Figure 2) , Vila-Costa et al. (2006) have shown that, in fact, many picoplankton from a diversity of marine
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systems assimilate dissolved DMSP (DMSPd) ( Table 2) , contributing upwards of 10-34% of total DMSPd uptake. Interestingly, it was the heterotrophic bacteria, members of the Roseobacter lineage (Zubkov et al. 2002) , and Prochlorococcus that showed a physiological preference for the uptake of DMSPd. These findings are particularly important as cyanobacteria are generally not considered to be producers of DMSPd (Matrai & Keller 1994 ) so would be a net sink for organic sulfur in the ocean, if these results are found to be representative of the broader ocean. Given the climate feedback linked to sulfur cycling in the ocean, this is a research question that needs to be resolved to improve predictive models of future climate.
Particulate and Dissolved Organic Matter Cycling
As discussed above, flow cytometry allows researchers to get away from bulk analyses of biotic particles. The other advantage of flow cytometry is the ability to separate live from dead particulate organic matter (POM). Eglinton et al. (1996) and Minor et al. (1998) combined flow-cytometric sorting with dual-temperature mass spectrometry to investigate sources and freshness of POM. Minor et al. (1998) sorted particles from the Mid-Atlantic Bight into phytoplankton and detritus classifications based on forward light scatter (proxy for size) and presence/absence of chlorophyll fluorescence and found the phytoplankton fraction to be enriched in proteins and sterols, whereas the detritus was enriched in polysaccharides, suggesting that stressed or dying phytoplankton are not a significant fraction of the detrital pool. In contrast, Eglinton et al. (1996) , in a similar exercise but with samples collected from the Peru upwelling system, observed that detrital material was more similar to fresh phytoplankton, suggesting a tighter linkage to primary production. Although the marine POM pool is clearly dynamic, the DOM pool is much larger and perhaps equally dynamic. DOM, operationally defined as organic matter that passes a specified filter pore size cutoff (generally <0.7 µm), includes microparticles such as colloids and microgels. Orellana et al. (2007) used flow cytometry to demonstrate the abundance and importance of marine microgels to dissolved organic carbon (DOC) cycling. Flow cytometry was absolutely critical to studying these microgels because normal handling procedures for DOC (i.e., filtration) would either disrupt or remove the microgels from the sample. Orellana et al. (2007) were able to identify enzymes that suggested one source of this material as the sloughing off of dead cell membranes. One potential source is the blue-fluorescent protein that these researchers found associated with the frustules of marine diatoms. This protein is unique in that it is UV-excitable and may therefore be useful as a means to trace the origin of these microgels.
CONTINUOUS AND REMOTE OBSERVATIONS
The acquisition of long-term data sets has become critically important in addressing questions of global change. The marine environment is notoriously patchy, with large variability observed in both time and space. Traditional sampling approaches, in which researchers occupy a site or sites for a period of time aboard a ship or along a transect, are ill equipped to define this variability. The need for approaches that can make continuous observations remotely is critically important to study processes that occur on small temporal scales at a range of spatial scales and to costeffectively acquire long-term time-series data sets (Paul et al. 2007 ). Flow cytometry is uniquely suited to fill these needs. Flow cytometers can make observations at the level of a single cell in near real time, could be deployed as an array to collect data over broad geographic regions, and can be operated remotely to collect time-series observations. Although the field of remote, flow-cytometric observations is in its infancy, this is an important area for future study. Here, we review a number of instruments that incorporate flow cytometry principles that are currently being used to monitor marine systems.
A pioneering approach in the area of remote observations was the CytoBuoy, which is a flow cytometer attached to a moored buoy (Dubelaar & Gerritzen 2000 , Dubelaar et al. 1999 . The development of a moored cytometer had to overcome many of the challenges inherent in other remote instrument packages. First and foremost is the requirement for adequate power, which remains a challenge. A second factor, biofouling, is less of an issue by the very nature of flow cytometry. The sample is imbedded in a particle-free sheath fluid, which makes flow cytometers relatively impervious to biofouling; however, a constant supply of particle-free sheath fluid remains a challenge (Dubelaar & Gerritzen 2000) . In one approach, Swalwel et al. (2009) were developing a flow cytometer for phytoplankton that does not require a continuous supply of clean sheath water but rather images a core of water passing through the instrument. The inclusion of selfaligning optics allows the instrument to operate for prolonged times with minimal maintenance. This instrument has successfully completed several sea trials and is being prepared for longer deployments.
Another moored instrument is the FlowCytobot, which is an automated flow cytometer that can analyze cells at the pico-and nanoplankton levels. The FlowCytobot was first deployed at the LEO-15 cabled mooring site off the coast of New Jersey . One goal of the remote deployment was to estimate daily specific growth rates of Synechococcus . The fact that phytoplankton increase in cell diameter during the day due to growth was the basis for this approach. The FlowCytobot measured diel changes in the cell-size distribution for the population. The data indicate that the abundance of Synechococcus declines in autumn as a function of a decline in specific growth rate, as opposed to grazing or physical advection that was previously assumed .
The FlowCytobot's capabilities were expanded to allow the analysis of larger cells in the 10-to >100-µm range by the inclusion of a high-resolution camera (Olson & Sosik 2007 ). This size group, which includes many diatoms and dinoflagellates, is particularly important in coastal and more eutrophic systems. The new instrument, the Imaging FlowCytobot, uses the flow cytometer to measure chlorophyll fluorescence and video technology to capture images of organisms for identification. Previously this large size group of cells had been studied with the FlowCAM, which is also an imaging flow cytometer used in the laboratory or aboard a ship (Sieracki et al. 1998) .
It is envisioned that one day instruments such as those described above could be placed on commercial vessels for continuously monitoring phytoplankton populations in the oceans on a scale rarely achieved, much like the Continuous Plankton Recorder program operated by the Sir Alister Hardy Foundation for Ocean Sciences that has been ongoing since 1931.
ECOTOXICOLOGY, MARINE PATHOGENS, AND HARMFUL ALGAE
Flow cytometry has also been used in a number of other, more applied aquatic fields. The ability of flow cytometers to assess vital cell functions has made them useful in toxicity testing-often referred to as ecotoxicity testing. A number of parameters have been used as the end point in toxicity tests, including population growth rates and enzyme activity, specifically esterase activity (e.g., Obst et al. 1988 ). Esterase activity is commonly monitored using fluorescein diacetate (FDA)-a low-molecular-weight, lipophilic, nonpolar compound capable of penetrating cell plasma membranes-or its derivatives. FDA is nonfluorescent, but when hydrolyzed by intracellular esterases, the hydrophilic fluorescent product fluorescein is formed, which is then measured using flow cytometry. Several studies used these methods with microalgal cells and demonstrated
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that there is good agreement between esterase activity measured with flow cytometry and inhibition of growth (Faber et al. 1997 , Hampel et al. 2001 . Flow cytometry has also been used with freshwater marine algae to assess the bioavailability of contaminants (e.g., Stauber et al. 2002) . Flow-cytometric analysis of cultures is superior to traditional algal growth inhibition tests because environmentally realistic cell densities can be used; the differentiation between live and dead cells can be automated (as discussed previously); more than one algal species can be used simultaneously (e.g., Yu et al. 2007) ; and the approach can provide information on mechanisms of toxicity, all of which are necessary for the development of predictive models (e.g., Levy et al. 2008 , Rioboo et al. 2009 ). In one example, copper toxicity was tested in three algal species simultaneously to determine the effect of algal-algal interactions (Yu et al. 2007 ) previously found to be more important than contaminant speciation alone (Stauber & Davies 2000) . In this study, Yu et al. (2007) determined sublethal levels of copper toxicity by combining measurements of cell autofluorescence with a number of cell probes, including FDA (described above) and 2 ,7 -dichlorodihydro-fluorescein diacetate (H2DCFDA), which is used to assess intracellular reactive oxygen species.
Flow cytometry is also proving to be a valuable tool for marine aquaculture because of the speed with which samples can be analyzed. Within the dense collections of fish present in aquaculture facilities, the early detection of pathogenic bacteria is essential so that preventive measures can be taken. The traditional method for detecting bacteria is the colony-counting method, which requires an incubation period of at least 24 hours. Flow cytometry is a valuable alternative for a number of reasons: When combined with antibody labeling for specific types of pathogenic bacteria, the abundance of these specific types, relative to the larger bacterial population, can readily be determined; assays can be performed in a few hours; and it can distinguish between live and dead pathogenic cells (e.g., Endo et al. 2000) .
Another area where rapid determination of harmful organisms is critical is in the treatment of ballast water. Ships with empty cargo holds take on ballast water in a given port for stability during transit. This ballast water is then released in a region near the next port when cargo is taken on. This practice has resulted in the dispersal of nonindigenous species around the world, with an estimated 15,000 species transported per week (Waite 2002) . A number of methods have been proposed to treat ballast water to prevent this inadvertent transfer of organisms, but determining the efficiency of these treatments has been challenging. One approach is to monitor one or more indicator species. Dinoflagellate cysts are one potential indicator species because of their prevalence and the difficulty in killing them. The cysts of Alexandrium catenella are ideal indicators because A. catenella is easy to culture, and the cysts have short dormancy periods, are small in size, and have very thick cell walls that make them highly resistant to damage, ensuring easy identification. Binet et al. (2006) developed a rapid flow cytometry protocol to determine the viability of cysts of A. catenella using the viability stain SYTOX. This new method was successful at predicting the viability of cysts up to 60 weeks old in under 2 days, as opposed to the former approach, which took 4 weeks. Flow cytometry has also been used in a viability assay for nematode worms (Gill et al. 2003) and to enumerate bacteria in ballast water (e.g., Joachimsthal et al. 2003) .
The ability of flow cytometers to provide analyses of the phytoplankton present and their size distribution, as well as additional aspects or characteristics beyond gross morphology, has made them useful in the study of harmful algal blooms. Although flow cytometers can determine the abundance of a given group, not all members may be toxic. Orellana et al. (2004) took advantage of the autofluorescence of Pseudo-nitzschia multeries, a toxic diatom known to produce domoic acid-the neurotoxin responsible for amnesic shellfish poisoning-to propose this as a method to selectively identify this diatom from co-occurring nontoxic species. Furthermore, the evolution of the first Dinophysis bloom observed in U.S. waters was studied with the use of a moored Imaging FlowCytoBot (Campbell et al. 2010) . Dinophysis is known to produce okadaic acid, which can be concentrated by filter-feeding bivalves and is known to cause diarrhetic shellfish poisoning in humans. The ability to monitor phytoplankton continuously and remotely allowed the researchers to determine the presence of Dinophysis, resulting in a rapid response and closure of shellfish beds.
ENVIRONMENTAL METAGENOMICS
Information about the diversity of marine microbes is being increasingly obtained by isolating DNA from water samples. The approach of describing anonymous DNA sequences from a mixed assemblage of microbes encountered in a given environment is known as metagenomics. As the cost of sequencing comes down, databases with sequences of genes, gene complexes, and regulatory cassettes are rapidly expanding. In early 2010, the complete genomes of over 200 species, mostly microbes, have already been described (Armbrust 2009 , Worden et al. 2009 ). This number is growing at an exponential rate, increasing the chance that anonymous pieces of DNA isolated from environmental samples can be assigned to a taxonomic branch or can be related to sequence families with known biological functions.
The ability to identify the metabolic potential or physiology of an organism before it has been isolated is the power of metagenomics. However, there are inherent complications in the reassembly of diverse environmental samples following sequencing. Combining the sorting capabilities of the flow cytometer with the sequencing power of genomics will improve researchers' ability to target specific functional groups and nullify some of these complications. This will also facilitate the examination of the rare microbial biosphere, which may yet hold unique and unknown metabolisms. For example, Zehr et al. (2008) isolated a unique cyanobacterium using a laborious cell sorting strategy. This cyanobacterium contains a DNA cassette incorporating both photosynthesis genes and genes that are used in nitrogen fixation; these processes were considered incompatible in a single-cell organism. Genome sequencing, on flow-cytometrically isolated cells, revealed that the cyanobacterium has an incomplete photosynthetic apparatus and lacks the photosystem II genes.
Metagenomics can also be conducted in a directed fashion that searches for common gene functions across a large number of species or among ecotypes of the same species. Sorting ecotypes from the Prochlorococcus group, using phylogenetic probes, demonstrates genome differences that segregate according to depth, global location, and season (e.g., Johnson et al. 2006) , providing further evidence that microbial ecotypes are specialized for different niches. Such studies have also discovered that marine viruses may carry host-derived genes expressed during the infection process, boosting the host's metabolic processes in favor of virus reproduction (Sullivan et al. 2009 ).
In a short time, the metagenomics approach has led to important discoveries. New, surprisingly abundant microbial life forms with unique metabolic processes have been identified by their DNA fingerprints in the environment. Cell sorting has been found to be an incredibly useful tool in mapping anonymous DNA sequences onto individual microbes. As databases cataloging DNA sequences expand, the metagenomic approach will become increasingly productive.
THE FUTURE OF FLOW CYTOMETRY IN AQUATIC SCIENCES
Since the discovery of Prochlorococcus-now recognized as the most abundant and one of the most biogeochemically important autotrophs in the ocean gyres-using flow cytometry (Chisholm et al. 1988) , this technique has earned a firm place in phytoplankton analysis. Enumeration of Prochlorococcus and Synechococcus in fixed samples or in fresh samples during cruises has become a www.annualreviews.org • Cytometry and Marine Biogeochemistry 557 routine activity. Flow cytometry methods for visualizing and identifying marine microbes will continue to improve. The availability and reduction in cost of easy-to-operate solid state lasers with new colors offer wavelengths that better excite the inherent pigments of different phytoplankton groups. New detection schemes employing scatter and fluorescence polarization are being used to identify specific autotrophic groups, such as the coccolithophores (e.g., Von Dassow et al. 2009 ). Staining protocols for heterotrophic microbes and viruses, which do not have innate pigments, are being optimized (e.g., Brussaard 2004a). The detection of accessory photosynthetic pigments by measuring action spectra rather than total chlorophyll fluorescence promises to parse complex phytoplankton mixtures into tight, well-separated clusters. We can expect that the number of groups of phytoplankton and heterotrophic microbes that can be identified with confidence in environmental samples will continue to increase and so too will our understanding of their biogeochemical role in the ocean. Despite improvements in optical aspects of flow methodology for phytoplankton enumeration, cytometric identification must ultimately be validated with genome analysis. DNA/RNAexpression measurements will further broaden our insight into the makeup and activities of a microbial community (e.g., Stepanauskas & Sieracki 2007 ). Single-cell DNA amplification and single-cell RNA-to-DNA copying and amplification must be adapted for phytoplankton. Also, for identification and isolation of new microbial groups, cell sorting technology must be more efficiently coupled to downstream single-cell genome analysis. As these genomic tools become more reliable, cell sorters will be used to generate arrays of individual cells for hybridization with DNA probes or even direct DNA sequencing. For this purpose, new sort protocols that can deposit individual cells in complex patterns on a solid surface (e.g., glass slides) are being developed. The set of these technologies will make possible in a single experiment large-scale determination of the genetic variation and expression patterns in environmental samples.
In recent years, the manufacturers of flow instrumentation have started to specifically address the needs of marine microbiologists, resulting in a rapid increase in cytometers deployed by marine institutions. A number of such instruments has been installed in mobile laboratories and may be available for scientific cruises (e.g., University of Uppsala; Bigelow Laboratory; and University of Hawaii, National Oceanography Center at Southampton). Interest in expanding these seagoing capabilities remains high and will provide a strong cadre of researchers well positioned to move the field forward.
FUTURE ISSUES
1. New generation ecosystem models are using physiological submodels to describe phytoplankton "behavior," therefore future research needs include, where practical, cell quotas for elements of interest so that growth rates can be calculated from uptake rates and we can begin to understand the range, variability, and controls on elemental stoichiometry at the population level.
2. Future research should attempt to advance the use of proxies for intracellular biochemical pools (e.g., protein content, DNA, etc.) in phytoplankton to the same extent that one can for heterotrophic bacteria. This information, if routine, would help resolve some of the outstanding questions based on cell counts and/or bulk measurements (e.g., which group of bacteria, HNA or LNA, are growing faster). 3. Given increased difficulties with using radioisotopes in the field, from both a regulatory and a waste disposal perspective, additional nonradioactive techniques (e.g., BrdU) should be developed to assess microbial processes and expand the toolbox that is complementary to flow cytometry.
4. Future research efforts should consider the use of multiple tracers in experimental design as this would provide critical information on the coupling of elemental cycling at the single-cell level. Stable isotopes are particularly well suited to this technique because the combustion products often have distinct masses, whereas with radioisotopes, the energy windows of many β-emitters overlap.
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